ABSTRACT: Lysosomal responses in mussel digestive cells are widely accepted as effective biomarkers that respond to pollutant exposure, as well as to natural factors (tide, food, temperature). The effects of tide and season on digestive cell lysosomes in mussels were determined in different transect and transplant experiments on mussels at different tide levels and in winter and summer. We measured lysosomal enlargement through the lysosomal structural changes (LSC) test after β-glucuronidase (β-Gus) histochemistry and membrane destabilisation through the lysosomal membrane stability (LMS) test after hexosaminidase (Hex) histochemistry. A marked gradient along the intertidal zone, which was more prominent in winter than in summer, was found in lysosomal size and membrane stability. A transplant experiment revealed that digestive cell lysosomes respond rapidly to immersion of mussels. The study of the time-course changes in mussels from high tidemark level indicated that lysosomes respond very promptly to air exposure conditions. We suggest that the lysosomal changes observed are the result of the digestive process in parallel with tide. Since such natural variability might mask the effects of pollution, we conclude that a standardised sampling protocol -which should include the use of mussels from low intertidal levels -is needed.
INTRODUCTION
Lysosomal responses in molluscan digestive cells constitute one of the most worldwide accepted biomarkers for assessing the health status of the marine environment (UNEP/RAMOGE 1999, Moore 2004 , ICES 2005 . In general terms, exposure to pollutants is known to cause significant increases in lysosomal size (Lowe et al. 1981 , Etxeberria et al. 1994 , Regoli et al. 1998 , Marigómez & Baybay-Villacorta 2003 , as well as a reduction in lysosomal membrane stability (Moore et al. 1978 , Harrison & Berger 1982 , Moore & Clarke 1982 , Nott & Moore 1987 , Moore 1988 , Regoli 1992 , Krishnakumar et al. 1994 , Marigómez et al. 2005 ). In addition, lysosomal size and membrane stability may also change depending on natural environmental factors, such as temperature, salinity, food availability and tidal cycle (Moore 1976 , Stickle et al. 1985 , Marigómez et al. 1991 , Tremblay & Pellerin-Massicotte 1997 , Abele et al. 1998 ). These factors are usually kept constant in controlled laboratory experiments conducted to investigate lysosomal responses to pollutants, but they may produce unexpected results in field studies (Regoli 1992) . Consequently, how these natural factors may affect lysosomal size and membrane stability is a matter of undeniable applied interest.
Seasonal changes have been thoroughly reported in diverse aspects of the biology of mussels, including scope for growth, respiration and excretion, feeding physiology, pollutant tissue burdens, susceptibility to parasites and pathogens, and biomarker responses (Santarem et al. 1994 , Soto et al. 1995 , Baumard et al. 1999 , Wong & Cheung 2001 , 2003 , Huang & Newell 2002 , Ringwood et al 2002 , Manduzio et al. 2004 , Ivankovic et al. 2005 . Particularly, lysosomal size and numbers (Etxeberria et al. 1995) and lysosomal membrane stability (Ringwood et al. 2002) show marked seasonal changes. Gonad development (Cáceres-Martínez & Figueras 1998) , food composition and food availability (Wong & Cheung 2003 ) are believed to be major factors governing seasonality in mussels (Etxeberria et al. 1995 , Leiniö & Lehtonen 2005 . The amplitude of seasonal variability may differ between species (Leiniö & Lehtonen 2005) and between localities (Petrovic et al. 2004) , and it has been suggested that it is largely attenuated in stressed populations (Marigómez et al. 1996) . Accordingly, lysosomal membrane stability in mussel digestive gland was highly variable through the year in a clean site whereas in a polluted site values were lower and more constant between seasons (Regoli 1992) .
Intertidal sessile organisms must cope with the changing physical conditions of both marine and terrestrial regimes. In the particular case of intertidal mussels, thermal stress (Helmuth & Hofmann 2001) , desiccation, anoxia (Moore et al. 1979 , Hole et al. 1995 , wave beating (Hunt & Scheibling 2001) , reduced food availability and progression of the digestion process (Charles & Newell 1997) are major challenges during the periods of emersion. In contrast, subtidal mussels inhabit a less variable environment (Hunt & Scheibling 2001) , although differences between high and low tide, such as sediment resuspension or food quality, might also govern some aspects of their physiology (Zaldibar et al. 2004 , Zardi et al. 2006 . As a result, intertidal mussels exhibit a greater capacity to adapt to environmental changes more readily than subtidal ones (Charles & Newell 1997) . Intertidal and subtidal bivalves differ in their physiological energetics (Labarta et al. 1997) , protein expression pattern (López et al. 2001 ) and digestion process (Robinson & Langton 1980 , Morton 1983 .
In the mussel Mytilus edulis, the effect of the tide on lysosomal stability was investigated by Tremblay & Pellerin-Massicotte (1997) , who concluded that the lysosomal membrane was destabilised during emersion (labilisation period [LP] under 5 min) and stabilised during immersion (LP > 25 min). According to these authors, the incidence of phasic digestion rhythms could not be discarded, although air exposure and associated hypoxia might be the factors explaining the observed lysosomal responses.
Aimed at achieving a more feasible application of lysosomal biomarkers in marine pollution monitoring programmes, the purposes of the present study were (1) to determine the range of variability in form and function of digestive-cell lysosomes in intertidal mussels at different seasons and tidal conditions, and (2) to contribute to the understanding of the changes in lysosomal size and membrane stability under normal conditions. Thus, 3 complementary experiments were carried out. In the first experiment, the digestive-cell lysosomes of mussels collected from various levels in an intertidal transect were examined during 2 different seasons (winter and summer). In the second experiment, mussels were transferred from high to low tidemark level and vice versa in order to determine whether lysosomal size and membrane stability are characteristic of each tidemark level, or whether lysosomes exhibit prompt responses to environmental changes (i.e. air exposure vs. immersion). The third experiment consisted of a time-course sampling at the high tidemark level, in order to describe changes in lysosomal size and membrane stability during a tidal cycle in fully intertidal mussels that have a very short period for feeding during immersion.
MATERIALS AND METHODS
Experimental design and sample processing. Expt 1: In winter (March) and summer (August) 2001, mussels Mytilus galloprovincialis Lmk. were collected in Gorliz (Biscay Coast, 43°26' N, 2°55' W), a relatively non-polluted site (Orbea et al. 2006 ) on the protected side of a breakwater adjacent to the beach, following a transect throughout the tidal zone. Mussels were sampled from subtidal (0 m tidemark level) and intertidal (0.5, 1, 1.5, 2, 2.5 and 3 m tidemark level) zones. Subtidal mussels could not be obtained in August, since they were covered with sand.
Expt 2: In order to determine whether mussels from each tidemark level possess characteristic lysosomal structure and membrane stability resulting from an adaptation to each particular tidal regime, or whether lysosomes are highly responsive to emersion/immersion during the tidal cycle, the short-term lysosomal responses were investigated in mussels transplanted among tidemark levels in summer 2001. High tide (HT) mussels (from 3 m tidemark level) were kept submerged in sea water for 1 and 4 h, and low tide (LT) mussels (from 0.5 m tidemark level) were subjected to air exposure for 4 h.
Expt 3: This experiment was designed to investigate the timing of changes in lysosomal structure and membrane stability for a given tidemark level, HT, which was selected as representative of an extreme tidal regime. In summer (August) 2005 (after the effects of the November 2002 Prestige oil spill were shown to remit significantly; Cajaraville et al. 2006 ), HT mussels (from the 2.5 to 3 m level) were sampled, from the same breakwater as that in the previous experiment at suc-cessive time intervals: 30 min before emersion during a normal tide cycle (07:20 h), immediately just before emersion (07:50 h), every following hour (08:50, 09:50, 10:50, 11:50, 12:50 and 13 :50 h) during aerial exposure, and a further 30 and 45 min after immersion into seawater during the next high tide (14:20 and 14:35 h).
Five mussels (3 to 4.5 cm shell length) were taken per sample. In Expts 1 and 2, digestive gland was excised and rinsed in phosphate buffer 0.1 M (pH 7.4, sucrose 10%) for 15 min, embedded in Cryo-M-Bed and frozen in liquid nitrogen (-196°C) . In Expt 3, digestive gland was removed and placed on plastic chucks aligned in a straight row, put into cryovials and directly frozen in liquid nitrogen.
Frozen samples were transported to the laboratory in liquid nitrogen and then stored at -80°C until required for analysis. Tissue sections (8 to 10 µm thick, depending on the staining method) were obtained in a Leica CM3000 cryotome with a chamber temperature of -24°C. Sections were stored at -40°C until required for staining.
Lysosomal structural changes (LSC). The histochemical reaction for β-glucuronidase (β-Gus) was demonstrated as in Moore (1976) , with the modifications as described by Cajaraville et al. (1989) . Slides were held at 4°C for 30 min and then at room temperature for 5 min prior to staining. Sections (8 µm) were incubated in freshly prepared β-Gus substrate incubation medium consisting of 28 mg naphthol AS-BI-β-glucuronide (Sigma, N1875) dissolved in 1.2 ml of 50 mM sodium bicarbonate, made up to 100 ml with 0.1 M acetate buffer (pH 4.5) containing 2.5% NaCl and 15% of polyvinyl alcohol and held for 40 min at 37°C in a shaking water bath. After incubation, slides were rinsed in a 2.5% NaCl saline solution for 2 min at 37°C in a shaking water bath and then transferred to a postcoupling medium containing 0.1 g Fast Garnet (GBC) (Sigma, F8716) dissolved in 100 ml of 0.1 M phosphate buffer (pH 7.4, containing 2.5% NaCl) for 10 min in darkness and at room temperature. Afterwards, sections were fixed for 10 min at 4°C in Baker's formol calcium containing 2.5% NaCl and rinsed briefly in distilled water. Finally, sections were counterstained with 0.1% Fast Green FCF (Sigma, F7252) for 2 min, rinsed several times in distilled water and mounted in Kaiser's glycerol gelatine and sealed with nail varnish.
A stereological procedure was applied in order to quantify the structure of the digestive cell lysosomes, with the aid of an automated image analysis system (BMS, Sevisan; Cajaraville et al. 1995) . Slides were viewed using an objective lens of 100× magnification on a light microscope. Five measurements were made per section in each of the 5 specimens comprising each experimental group, in order to calculate the following stereological parameters (Lowe et al. 1981) : lysosomal
, where V = volume, S = surface, N = number, L = lysosomes and C = digestive cell cytoplasm for mussels. The stereological formulae include a correction factor for particles with an average diameter smaller than the section thickness (Lowe et al. 1981) .
Lysosomal membrane stability (LMS) test. The determination of lysosomal membrane stability was based on the time of acid labilisation treatment required to produce the maximum staining intensity according to UNEP/RAMOGE (1999), after demonstration of hexosaminidase activity in digestive cell lysosomes.
Slides were held at 4°C for 30 min and at room temperature for 5 min prior to staining. Serial cryotome sections (10 µm) were subjected to acid labilisation at intervals of 0, 3, 5, 10, 15, 20, 30 and 40 min in 0.1 M citrate buffer (pH 4.5, containing 2.5% NaCl) in a shaking water bath at 37°C, in order to determine the range of pre-treatment time needed to completely labilise the lysosomal membrane. Following this treatment, sections were transferred to the substrate incubation medium for the demonstration of hexosaminidase (Hex) activity, consisting of 20 mg naphthol AS-BI-N-acetyl-β-D-glucosaminide (Sigma, N 4006) dissolved in 2.5 ml of 2-methoxyethanol (Merck, 859), and made up to 50 ml with 0.1 M citrate buffer (pH 4.5) containing 2.5% NaCl and 3.5 g of low-viscosity polypeptide (Sigma, P5115) to act as a section stabiliser. Sections were incubated in this medium for 20 min at 37°C, rinsed in a saline solution (3.0% NaCl) at 37°C for 2 min and transferred to 0.1 M phosphate buffer (pH 7.4) containing 1 mg ml -1 of diazonium dye Fast Violet B salt (Sigma, F1631), at room temperature for 10 min. Slides were then rapidly rinsed in running tap water for 5 min, fixed for 10 min in Baker's formol calcium containing 2.5% NaCl at 4°C and rinsed in distilled water. Finally, slides were mounted in Kaiser's glycerin gelatine and sealed with nail varnish.
The time of acid labilisation treatment required to produce the maximum staining intensity was assessed under a light microscope as the maximal accumulation of reaction product associated with lysosomes (UNEP/RAMOGE 1999). Four determinations were made for each animal by dividing each section in the acid labilisation sequence into 4 approximately equal segments and assessing the labilisation period (LP) in each of the corresponding set of segments. The mean value was then derived for each section, corresponding to an individual digestive gland.
Statistics. Statistical analyses were carried out with the aid of SPSS/PC+ statistical package (SPSS) and SPSS v. 10.0 for Windows. For the statistical analysis of LP the non-parametric Mann-Whitney U-test was applied. Stereological parameters were tested using 1-way ANOVAs (p < 0.05). Data for lysosomal Vv and Nv were logarithmically transformed in samples from Expt 1 prior to the statistical analyses since the variance within individual mussels depended on the mean. Significant differences between pairs of mean values were established using Duncan's test (p < 0.05).
RESULTS

Expt 1
LP values recorded in lysosomes of mussel digestive cells differed among tidemark levels, both in winter and summer, following a continuous gradient with lowest LP values at highest tidemark levels (Fig. 1 ).
The range of variation in LP values between mussels from high and low tidemark levels was wider in winter than in summer. Thus, in LT (subtidal) mussels, LP values were higher in winter than in summer, whereas in HT (3 m) mussels, LP values were higher in summer than in winter (Fig. 1) .
The digestive cell lysosomes of winter LT mussels were abundant but too small to be measured by image analysis since their size was below the system resolution limit. In contrast, the digestive cell lysosomes of winter HT mussels were apparently less numerous but large enough to be measured; yet lysosomes were also very small as shown by S/V values close to 6 (Fig. 2) and, in general terms, the endo-lysosomal system was poorly developed (Vv < 0.001; Fig. 2A ).
The digestive cell lysosomes of mussels were more conspicuous in summer than in winter, especially at LT level. The stereological parameters recorded in summer HT mussels were similar to those recorded in winter HT mussels (Fig. 2) . In summer LT mussels, however, the structure of digestive cell lysosomes varied significantly with tidemark level (ANOVA, p < 0.05). Vv, Sv and Nv values were higher in LT mussels than in HT mussels, whereas S/V was lower (Fig. 2B) . It must be noted that in LT mussels lysosomes were tiny in winter but markedly larger in summer (Fig. 2) .
Expt 2
In order to determine whether mussels from each tidemark possess characteristic lysosomal structure and membrane stability resulting from an adaptation to each particular tidal regime or whether lysosomes are simply highly responsive to emersion or immersion, mussels were transplanted among tidemark levels to examine the short-term lysosomal responses. Thus, HT mussels originating at 3 m were submerged for a period of 1 h (1-W) and 4 h (4-W), maintained at the same tidemark level as LT (0.5 m) mussels, whereas LT mussels were kept out of seawater for 4 h (A). A, 1-W and 4-W mussels showed similar LP values, comparable to those recorded in HT mussels and significantly different from those of LT mussels (Fig. 3) . Thus, although LP values in A mussels reached values close to those found in HT mussels, immersion in seawater for up to 4 h was not sufficient to attain the LP values recorded in LT (0.5 m) mussels (Fig. 3) .
In contrast, more dynamic changes were registered in the lysosomal structure, as revealed by the 4 stereological parameters calculated (Fig. 4) . Already, after 1 h in seawater, Vv and S/V values were more similar to those recorded in LT (0.5 m) mussels than in the source HT (3 m) mussels. Likewise, keeping mussels exposed for 4 h was sufficient to take Vv values from 108 Fig. 1 . Mytilus galloprovincialis. Labilisation period (min) of mussels from different tidemark levels collected in March (winter) and August (summer) 2001. Error bars indicate SD. Asterisks in the triangular matrices indicate significant differences between means along the intertidal transect after the Mann-Whitney U-test (p < 0.05). Asterisks beside bars in summer graph indicate significant differences between seasons for the corresponding tidemark levels (U-test, p < 0.05) Fig. 2 . Mytilus galloprovincialis. Stereological parameters of digestive cell lysosomes of mussels from different tidemark levels collected in (A) March (winter) and (B) August (summer) 2001. Intervals indicate SD and asterisks indicate significant differences between pairs of means after Duncan's test (ANOVA, p < 0.05). Vv: lysosomal volume density; Sv: lysosomal surface density; S/V: lysosomal surface to volume ratio; Nv: lysosomal numerical density; ND: not detectable 0.002 µm 3 µm -3 (recorded in LT mussels) to values below 0.001 µm 3 µm -3 (corresponding to HT mussels). Nv in 4-W mussels changed to values recorded in LT mussels, with an evident trend (non significant) already after 1 h immersion (1-W mussels; Fig. 4) .
Expt 3
Significant time-course variations were found in lysosomal membrane stability in HT (2.5 m) mussels throughout a tidal cycle. The highest LP values (around 15 min) were recorded at the end of the immersion period (Fig. 5) . Air exposure for 1 h was sufficient to reduce LP values significantly (beyond 50%) and then extremely low LP values were recorded for the following hours during emersion. Finally, the stability of the lysosomal membrane increased very rapidly following the next tide rise (Fig. 5 ).
Significant differences in lysosomal size and numbers were also recorded between sampling times, but changes did not occur fully in parallel with changes in 110 Fig. 3 . Mytilus galloprovincialis. Labilisation period (min) of digestive cell lysosomes of transplanted mussels (A: low tidemark [LT, 0.5 m] mussels exposed for 4 h; 1-W: high tidemark [HT, 3 m] mussels immersed for 1 h; 4-W: HT mussels immersed for 4 h) and source mussels (HT and LT mussels). Error bars indicate SD. Asterisks indicate significant differences between pairs ofmeans (Mann-WhitneyU-test p < 0.05) Fig 4. Mytilus galloprovincialis. Stereological parameters of digestive cell lysosomes of transplanted mussels (A: LT mussels exposed for 4 h; 1-W: HT mussels immersed for 1 h; 4-W: HT mussels immersed for 4 h) and mussels sampled at both ends of the transect (HT and LT mussels; see Fig. 3 ). Error bars show SD and asterisks show significant differences between pairs of means (ANOVA, p < 0.05) using Duncan's test. Parameter abbreviations as in Fig. 2 membrane stability. The lowest Vv and Sv and highest S/V values were recorded at the end of the immersion period (Fig. 6 ). Air exposure for 1 h was also sufficient for Vv and Sv to rise significantly (Fig. 6 ), but the return to the previous values started before the next tide rise, approximately 4 h after emersion. This return is not accomplished by increases in lysosomal size but by reduction in lysosomal numbers.
DISCUSSION
The lysosomes of molluscan digestive cells are responsive to pollutant exposure (Lowe & Clarke 1989 , Marigómez et al. 1989 , 1996 , Regoli 1992 , Viarengo et al. 1992 , Etxeberria et al. 1994 , Regoli et al. 1998 , Marigómez & Baybay-Villacorta 2003 , but also to changes in natural factors (Moore 1976 , Pipe & Moore 1985 , Stickle et al. 1985 , Marigómez et al. 1991 , Tremblay & Pellerin-Massicotte 1997 , Abele et al. 1998 . It is therefore necessary to determine the range of natural variability in lysosomal form and function, and how such variability might interfere with the correct interpretation of lysosomal biomarkers in the assessment of the biological effects of pollution. Herein, the natural variability in size and membrane stability of lysosomes in mussel digestive cells has been investigated in relation to tidal regime and season.
Tidal regime
The present results reveal that lysosome membrane stability may vary tremendously, ranging from values below 10 min (HT mussels) to values over 20 min (LT Stereological parameters of digestive cell lysosomes of transplanted mussels at high tidemark level in summer 2005 over a period of exposure between 2 immersion periods. Error bars indicate SD and asterisks show significant differences between pairs of means after Duncan's test (ANOVA, p < 0.05). Parameter abbreviations as in Fig. 2 mussels), for the same locality and the same sampling day. Accordingly, Tremblay & Pellerin-Massicotte (1997) found that LP in digestive cells of Mya arenaria and Mytilus edulis from a given sampling point can vary from 5 to 30 min throughout the time within the tidal cycle. According to these authors, air exposure and hypoxia during emersion might induce autophagy to compensate for extra energetic demand, which would be reflected in low LP values recorded during emersion. Mussels are known to elicit behavioural and physiological responses to emersion in order to enhance respiratory gas exchange (Sadok et al. 1999 ). Thus, effective short-term hypoxia does not seem to be a major event. Moreover, prolonged anoxia and temperature stress have been shown to produce lysosomal membrane destabilisation in molluscan digestive cells (Moore 1976 , Moore et al. 1978 , Stickle et al. 1985 , but it seems unfeasible that short-term hypoxia associated with emersion during each tidal cycle causes such marked membrane destabilisation. Even so, LP values close to 5 min have been seldom recorded after exposure to very high concentrations of pollutants in the laboratory (Lowe & Clarke 1989 , Viarengo et al. 1992 , Moore 2004 , Izagirre 2007 and in field studies concerning cases of severe pollution (Regoli 1992 , Regoli et al. 1998 , Marigómez et al. 2005 .
Temperature stress might also be responsible for dramatic lysosomal membrane destabilisation but, again, at least a few days' maintenance at 13°C over ambient temperatures is required to induce a significant decrease in LP values in mussels (Moore 1976 ). In the present study, water temperature was about 21 to 22°C and air temperature was 24 to 25°C in the sampling station in August. In addition, gapping and biochemical regulation can control short-term thermal stress in mussels, variations in internal temperature being much less pronounced than in the surrounding milieu (Helmuth & Hofmann 2001) . It seems therefore that temperature is not the cause for the variability found in lysosomal structure and membrane destabilisation.
Alternatively, it is conceivable that differences in the progression of food digestion might explain the differences found in LP values along the intertidal zone, as pointed out by Tremblay & Pellerin-Massicotte (1997) . As a matter of fact, intracellular digestion is the main function of the extraordinarily developed endo-lysosomal system of mussel digestive cells (Robledo & Cajaraville 1996) .
In intertidal bivalves, feeding and digestion are cyclic processes that match up with tidal cycles (Morton 1983) . Structure and function of digestive cells, including their endo-lysosomal system, undergo dramatic changes during the intracellular digestion process, which take place every tidal cycle (Langton 1977 , Robinson & Langton 1980 , Morton 1983 , Marigómez 2007 . Different intracellular digestion phases can be recognised (e.g. absorption, digestion, disintegration and holding) as digestive cells change in size, shape and cytoplasmic contents. In HT intertidal bivalves, feeding is more intense during immersion, whereas digestion progresses during emersion and therefore tidal regime (and tidal zonation) and digestion regime are intimately related (Morton 1983 ). Emersion does not necessarily mean stress or a resting stage. Indeed, in the intertidal mussel Geukensia demissa, aerial respiration is enhanced so that the mussel can gain enough energy to facilitate food digestion during air exposure at low tide (Huang & Newell 2002) . Moreover, digestive enzyme activities, such as α-amylase, differ between tidemark levels in Mytilus edulis (Langton 1977) , which suggests the existence of different paces of intracellular digestion depending on the tidal regime (Wong & Cheung 2001) .
In digestive cells of winkles Littorina littorea the structure and histochemical properties of the endolysosomal system changes with tide as intracellular digestion progresses (Saez et al. 1990 ). In Mytilus galloprovincialis, it seems that around 50% of the lysosomes are lost every digestion cycle at the disintegrating phase and their numbers recover before the following absorption phase (Marigómez 2007) . Accordingly, in mussels continuously submerged, the start of food digestion immediately after feeding is accompanied by a transient increase in number and size of lysosomes, together with membrane destabilisation (Izagirre 2007) . These large lysosomes with destabilised membrane might well be heterolysosomes where food digestion is being accomplished. Thus, in order to clarify whether the structure and membrane stability of digestive cell lysosomes are characteristic of each tidemark level or change with digestion, we conducted Expts 2 and 3.
In Expt 2, the endo-lysosomal system of LT mussels exposed to air for 4 h (A mussels) resembles that of HT mussels in both structure and membrane stability, whereas in HT mussels kept submerged for 1 to 4 h (1-W and 4-W mussels) only lysosomal size and numbers approach those of LT mussels, while membrane stability remains unchanged. Overall, it can be concluded that the lysosomal parameters are not characteristic of each tidemark and that they may vary within a few hours during the tide, in agreement with Tremblay & Pellerin-Massicotte (1997) .
The question that remains is whether these changes are due to environmental stress or are normal changes occurring during digestion. As a matter of fact, it seems unconceivable that something stressful occurs for around 6 h twice every day. Nevertheless, let's suppose that LT mussels exposed to air for 4 h are stressed as revealed by low LP values: why is lysosomal size reduced (low Vv and high S/V values) to the size of lysosomes in HT musssels? Low LP values may be indicative of environmental stress (ICES 2005 , Marigómez et al. 2006 ) but it should be accompanied by lysosomal enlargement (Moore & Viarengo 1987 , Marigómez et al. 2005 . On the other hand, it is conceivable that after 4 h of air exposure, LT mussels have reached a late stage of intracellular digestion (i.e. disintegrating), including few small lysosomes with destabilised membrane (Marigómez 2007) .
Expt 3 sheds some light on this aspect, as the time course changes in lysosomal parameters was examined throughout 1 tide (digestion) cycle in HT mussels, where tidal rhythms can be expected to be most marked (Morton 1983) . Lysosomal parameters change significantly with time for a given tidemark level. In agreement with Tremblay & Pellerin-Massicotte (1997) , lysosomal membrane destabilisation occurs when the tide comes down within a few minutes. Conversely, LP values are not fully recovered within 1 h submersion, although a trend to increase is envisaged as LP significantly increases. Likewise, lysosomal size increases with the emersion (high Vv and Sv and low S/V values) for about 4 h and then starts decreasing (reduced Vv and Sv, and augmented S/V). Since feeding (immersion) and digestion (emersion) are clearly separated in bivalves from high tidemark levels (Morton 1983), these changes might be explained by the progression of food processing. Just 1 h after emersion, the increase in heterolysosomes (food digestion) might explain the decrease recorded in LP values and the increase in lysosomal size. Indeed, heterolysosomes are the largest compartments of the endo-lysosomal system in digestive cells and possess a destabilised membrane, as hydrolytic enzymes are active (Moore 1988) . A positive correlation has been described between the amount of residual bodies (which become the dominant compartments later in the digestion process) and low LP values (Domouhtsidou & Dimitriadis 2000) . Nv is variable during emersion but decreases just within the first hour of a new immersion, possibly due to the excretion of residual bodies resulting from heterolysosomes at the last steps in the digestion process.
More research is needed to elucidate the relationship between lysosomal parameters and digestion (Izagirre 2007) but, at present, it can be hypothesised that different rhythms of intracellular digestion at different tidemark levels might be a major factor governing structure and function of the endo-lysosomal system in mussel digestive cells. A hypothetical model that fits well with our results is detailed in Fig. 7 . The number and size of lysosomes, as well as their membrane stability vary with tide and digestion, depending on how long mussels are submerged at each tidemark level.
Thus, the number and size of lysosomes are reduced during tidal rise, when membrane stability increases, whereas the contrary occurs during tidal drawdown. In this manner, intertidal mussels, and especially HT mussels, would take advantage of high tide to take up as much food as possible and then perform intracellular digestion during emersion, which would result in abundant heterolysosomes with destabilised membranes at the sampling time. In contrast, subtidal mussels would have almost continuous food availability, making cyclic digestion more subtle, with less conspicuous changes in the morphology of digestive cells (Robinson & Langton 1980) , which would possess a more stable and homogeneous endo-lysosomal system comprised of abundant small lysosomes (results of the present study). It is worth noting that, at any given moment, there is not necessarily a simple direct relationship between lysosomal Vv and LP; therefore, the principle that enlargement precedes destabilisation (Marigómez & Baybay-Villacorta 2003 , Marigómez et al. 2006 ) must be considered with caution when lysosomal biomarkers are interpreted.
Season
In mussels from temperate regions, molecular and cellular processes are known to present a clear pattern of seasonal variability (Cancio et al. 1999 , Manduzio et al. 2004 , Petrovic et al. 2004 , Ivankovic et al. 2005 ) that has been related to seasonal changes in temperature, food availability and gonad development (Etxeberria et al. 1995 , Leiniö & Lehtonen 2005 . Along the Basque coast, the seasonal pattern of variation in water temperature and food availability is well known (Madariaga & Orive 1989 , Orive et al. 2004 . Accordingly, lysosomal size and membrane stability present a marked seasonal variability in absolute terms, as well as in relation to the range of variation found along the intertidal zone, differences between mussels from different tidemark levels being less pronounced in summer than in winter.
In agreement with previous reports (Etxeberria et al. 1995 , Marigómez et al. 1996 , lysosomes are more conspicuous (high Vv, Sv and low S/V values) in summer than in winter and their membrane is more destabilised (low LP values). Indeed, lysosomes were abundant but tiny in winter and they could not be measured by image analysis in most samples. Tremblay et al. (1998) also found that LP values are lower in summer than in winter in mussel digestive cells. In mussels from the Adriatic coast, however, lysosomal membrane stability is less season-dependent than other biomarkers, even though stability is somehow reduced in summer (Petrovic et al. 2004) . Fig. 7 . Hypothetical model that would explain the present observations of changes in size (lysosomal surface to volume ratio, S/V) numbers (lysosomal numerical density, Nv) and membrane stability (labilisation period, LP) in digestive cell lysosomes with different intracellular digestion rhythms throughout the tidal cycle. Mytilus galloprovincialis mussels from high tidemark (HT): > 2.5 m; intertidal (IT): 2.5 to 1.5 m; low tidemark (LT): 1.5 to 0.5 m; subtidal (ST): < 0.5 m. The range of variation in lysosomal size, numbers and membrane stability would be higher in HT (cyclic intracellular digestion) than in ST mussels, (continuous intracellular digestion). Intertidal mussels would feed during immersion and intracellular digestion would progress during emersion (abundant and large lysosomes with destabilised membrane). Then, residual bodies would be excreted after the next emersion, as evidenced by reduced Nv and augmented LP values. As the time intervals for emersion and immersion change along the intertidal zone, the range of variation in lysosomal size, numbers and membrane stability would depend on the tidemark level where the mussels are located. Water: immersion period (grey); Air: emersion period
On the other hand, lysosomal membrane is more destabilised in HT than in LT mussels both in summer and winter; however, the membrane is less destabilised in summer than in winter among HT mussels and vice versa for LT mussels. In addition, lysosomes of LT mussels are larger in summer than in winter and larger in general than those of HT mussel, especially in summer. The fact that seasonality is especially relevant in LT mussels may be related to seasonal variations in food availability, which is much higher in summer than in winter (Madariaga & Orive 1989 , Orive et al. 2004 ). Accordingly, it has been reported that in intertidal mussels, feeding activity is higher in summer than in winter (Wong & Cheung 2003) . Other stress sources, such as reproductive (Etxeberria et al. 1995) and thermal stress (Tremblay et al. 1998 ) cannot be fully discarded a priori, but it seems reasonable that they would affect mussels from all tidemark levels equally, at least in qualitative terms, which is not indicated by the results obtained in this study.
Lysosomal biomarkers in environmental monitoring
Apart from its contribution to the understanding of the lysosomal responses to external stimuli and of the form and function of the endo-lysosomal system of mussel digestive cells, the present investigation has relevant implications for the application of lysosomal biomarkers in marine ecosystem health monitoring.
It has been concluded that lysosomal parameters of mussel digestive cells change within 1 h after immersion or emersion throughout the tidal cycle (i.e. A mussels in Expt 2 and air-exposed HT mussels in Expt 3). Thus if, after collection in routine samplings of monitoring programmes, mussels are transported (in water or in air) to be processed in the laboratory, lysosomal LP, Vv, Sv, S/V and Nv may change as digestion progresses. Consequently, it is highly recommended that dissections be carried out in situ as soon as possible after sample collection.
Overall, it can be concluded that LT mussels are the most adequate sentinels for marine health monitoring programmes, as their digestive cell lysosomes undergo fewer changes in the course of the daily life cycle. Nevertheless, since digestive cell lysosomes in LT mussels exhibit a pattern of seasonal variation, the range of variation for each particular study area must be established in order to design a proper sampling strategy in monitoring programmes. Thus, whereas along the Adriatic coast, lysosomal biomarkers do not show a strong dependence on season (Petrovic et al. 2004) , along the Basque coast seasonality is crucial (Etxeberria et al. 1995) and winter samples appear to be meaningless as regards lysosomal biomarkers (Marigómez et al. 2006 , Orbea et al. 2006 . Particularly, in our study area, mussels collected around 1 m tidemark level are the best (or at least mussels below the 0.5 and above the 2 m tidemark levels should be discarded), since minor variability occurs between the 0.5 and 1.5 m tidemark levels in the studied lysosomal parameters and, in addition, seasonal variability is kept at a minimum in these mussels. Critical values of lysosomal biomarkers for these mussels to be used as sentinels in monitoring programmes are given in Table 1 .
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